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In vertebrate retinal development, the axonal termi-
nals of retinal neuronsmake synaptic contacts within
narrow fixed regions, and these locations are main-
tained thereafter. However, the mechanisms and
biological logic of the organization of these fixed syn-
apse locations are poorly understood. We show here
that a membrane scaffold protein, 4.1G, is highly
expressed in retinal photoreceptors and is essential
for the arrangement of their correct synapse location.
The 4.1G-deficient retina exhibits mislocalization
of photoreceptor terminals, although their synaptic
connections are normally formed. The 4.1G pro-
tein binds to the AP3B2 protein, which is involved
in neuronal membrane trafficking, and promotes
neurite extension in an AP3B2-dependent manner.
4.1G mutant mice showed visual acuity impairments
in an optokinetic response, suggesting that correct
synapse location is required for normal visual func-
tion. Taken together, the data in this study provide
insight into themechanism and importance of proper
synapse location in neural circuit formation.
INTRODUCTION
During development of the vertebrate central nervous system
(CNS), enormous numbers of various neurons need to be pre-
cisely interconnected to produce elaborate neural functions.
Formation, maintenance, and impairment of synaptic connec-
tions in the CNS have been extensively studied. In contrast, little
attention has been paid to the ‘‘location’’ of synaptic connec-
tions. In the developing hippocampus, dentate granule cell
axons form synaptic connections with pyramidal cell dendrites
in the CA3 to form the stratum lucidum. In the developing cere-
bellum, Purkinje cell dendrites contact climbing fibers and paral-
lel fibers in the molecular layer. In retinal development, synaptic
contacts are made in fixed locations to form plexiform layers and796 Cell Reports 10, 796–808, February 10, 2015 ª2015 The Authorsaremaintained under normal conditions. However, themolecular
mechanisms and physiological significance of fixed synaptic
connection locations are almost unknown.
The vertebrate retina, a part of the CNS, transmits light infor-
mation through the lateral geniculate nucleus in the thalamus
to the primary visual cortex. Retinal neural circuits are assem-
bled from five types of neurons and one type of glial cell, forming
three distinct layers: the outer nuclear layer (ONL), the inner nu-
clear layer (INL), and the ganglion cell layer (GCL). Retinal axons
and dendrites form synapses in two plexiform layers: the outer
plexiform layer (OPL) and the inner plexiform layer (IPL), which
separate the nuclear layers (Masland, 2004; Sanes and Zipursky,
2010). In the OPL, photoreceptor terminals connect with bipolar
and horizontal cell processes to form the first synapses in the vi-
sual pathway (Figure 1A). The light-evoked signals are segre-
gated into ON or OFF pathways that are mediated by ON or
OFF bipolar cells, respectively. ON-bipolar cells, which depo-
larize upon light stimulation, develop axons which terminate in
the inner half of the IPL. Conversely, OFF-bipolar cells hyperpo-
larize in response to light signals and extend axons that termi-
nate in the outer half of the IPL (Ghosh et al., 2004). Horizontal
cells transmit a negative feedback signal to the photoreceptor
terminals (Wang et al., 2014). In the ONL, rod photoreceptor
cell bodies are broadly distributed throughout the ONL, whereas
cone photoreceptor cell bodies are arrayed on the outer side of
the retina. Photoreceptor axon terminals are located at relatively
restricted positions in the OPL, indicating that photoreceptor
axon terminal location is regulated in a genetically fixed manner,
although the distance between each cell body and synaptic ter-
minal varies among photoreceptor cells. Normal aging disrupts
this retinal layer integrity (Eliasieh et al., 2007; Liets et al., 2006;
Samuel et al., 2011). Despite the molecular mechanisms for triad
synapse formation having been extensively studied, the molecu-
lar basis and functional importance of OPL formation at a fixed
laminar location throughout the retina during development re-
mains unexplored.
Protein 4.1 family genes, 4.1R (Epb4.1), 4.1N (Epb4.1l1), 4.1G
(Epb4.1l2), and 4.1B (Epb4.1l3) in vertebrates, encode mem-
brane-cytoskeletal proteins, which anchor a transmembrane
protein to the actin-spectrin cytoskeleton. In rat neurons, 4.1N
Figure 1. Loss of 4.1G Causes Ectopic
Photoreceptor Synapses in the ONL
(A) Summary diagram of the first synaptic
connection pattern in the mouse retinal OPL. See
main text for details. BC, bipolar cell; GCL, gan-
glion cell layer; HC, horizontal cell; INL, inner nu-
clear layer; IPL, inner plexiform layer; IS, inner
segment; ONL, outer nuclear layer; OPL, outer
plexiform layer; OS, outer segment.
(B) Northern blot analysis of mouse 4.1G in adult
tissues. The upper panel shows distribution of
4.1G mRNA among mouse tissues. The approxi-
mately 4.4 kb broad band containing L, M, and S
isoforms was detected in the retina. The lower
panel shows ethidium bromide (EtBr) staining of
the RNA. Five micrograms of retinal total RNA and
10 mg of total RNAs from other tissues were
loaded.
(C) 4.1G protein expression in the lysates from
HEK293T cells expressing Flag-tagged 4.1G(S),
4.1G(M), and 4.1G(L) and the adult mouse retina
was detected by western blots with an anti-4.1G
antibody.
(D) Expression of 4.1G in the 1Mmouse retina. The
inset shows the outer segment (OS) and inner
segment (IS) region at high magnification. OLM,
outer limiting membrane.
(E) Immunohistochemical analysis of the 2M
4.1G+/+ (WT) and 4.1G/ mouse retinas. Retinal
sections were stained with antibodies for photo-
receptor synapse markers, PSD95 (magenta) and
pikachurin (green). Hoechst was used for coun-
terstaining (blue). The inset shows the OPL region
at high magnification. Ectopic photoreceptor
synapses were observed only in the 4.1G/
retina. Black and white images of Hoechst-
stained WT and 4.1G/ mouse retinas are dis-
played.
(F) Morphologies of ONL and INL cells from frozen
sections of P24WT and 4.1G/ retinas infected at
P0 with LIA retrovirus were visualized by AP
staining. Arrowheads indicate rod spherules. The
red dashed line indicates borderline between the
ONL and OPL.
See also Figure S1.associates with AMPA glutamate receptor subunits, GluR1 and
GluR4, to regulate the surface expression of AMPA receptors
(Coleman et al., 2003; Shen et al., 2000), and 4.1N knockdown
decreases the surface expression of GluR1 and long-term
potentiation in the hippocampus (Lin et al., 2009). On the other
hand, another study reported that 4.1G and 4.1N double-mutant
mice showed unaltered glutamatergic synaptic transmission and
synaptic plasticity in the hippocampus (Yang et al., 2011).
Thus, the exact in vivo function of the 4.1 family genes in the
CNS is still unclear. In the current study, we found that 4.1G is
predominantly expressed in rod photoreceptor cells in the retina.
4.1G-null mutant mice showed an aberrant localization of photo-
receptor terminals in the ONL. Our analysis showed that 4.1GCefunctions at least partly through the AP3-mediated membrane-
trafficking system. Although photoreceptor synapses normally
connect with bipolar and horizontal cell terminals, optokinetic
response (OKR) analysis demonstrated impaired visual re-
sponses in the 4.1G/ mice. Our study implies that synapse
location is functionally important in the neural circuit.
RESULTS
Protein 4.1G Is Highly Expressed in Rod Photoreceptor
Cells
In order to identify genes important for retinal photoreceptor
synapse development, we performed a microarray analysisll Reports 10, 796–808, February 10, 2015 ª2015 The Authors 797
comparing the retinal gene-expression profiles of wild-type
(WT) and Crx-Cre-driven Otx2 conditional knockout retinas,
in which photoreceptor cell fate is converted to that of ama-
crine-like cells (Nishida et al., 2003). We focused on genes
that were annotated to encode membrane skeletal proteins,
extracellular matrix proteins, and receptor-like transmembrane
proteins. In this screen, we identified 4.1G, a gene that en-
codes an adaptor protein that connects membrane proteins
with cytoskeletons. To examine the tissue distribution of
mouse 4.1G, we performed northern blot analysis and found
that 4.1G is highly expressed in the retina and testis (Fig-
ure 1B), whereas a previous work reported that 4.1G is ubiqui-
tously expressed in various tissues (Parra et al., 1998). We
cloned three splicing variants of 4.1G cDNAs from mouse
retinal RNAs and found that retinal 4.1G protein isoforms,
which are produced from the three transcript variants, lack
the spectrin-actin-binding (SAB) domain (Figure S1A; Cheng
and Molday, 2013; Yang et al., 2011). The SAB domain is
also absent in the 4.1G clones that we isolated from human
retinal cDNAs (19 out of 21 clones) as well as the 4.1G
cDNA cloned from human brain astrocytoma cells (Saito
et al., 2005). We named the 4.1G splicing variant clones based
upon their length: 4.1G short (4.1G(S); 689 residues), 4.1G
middle (4.1G(M); 794 residues), 4.1G long (4.1G(L); 918 resi-
dues), and 4.1G full length (4.1G(full); 988 residues). We raised
an antibody against 4.1G, which recognizes all 4.1G isoforms,
and performed western blot analysis on adult retinal ho-
mogenate. For a positive control, we used HEK293T cell
homogenate transfected with Flag-tagged 4.1G(S), 4.1G(M),
or 4.1G(L) plasmids. In the retinal lysate, we detected strong
bands consistent with the molecular weights of 4.1G(M) and
4.1G(S), a very faint band for 4.1G(L), but undetected a
4.1G(full) band (Figures 1C and S1N). To observe 4.1G expres-
sion, we carried out in situ hybridization using developing and
adult mouse retinas and brains. We observed that all protein
4.1 family genes were widely expressed in the developing
and adult retinas (Figures S1B–S1E). Next, we immunostained
the adult retina using an anti-4.1G antibody and observed
strong 4.1G protein staining signals in a region between the
outer limiting membrane and OPL, including cell bodies and
axons in photoreceptors, but none were detected in the outer
and inner segments (Figure 1D). We further immunostained
dissociated retinal cells using the anti-4.1G antibody and
found that 4.1G is predominantly expressed in rods and Mu¨ller
glial cells (Figure S1J). In the adult brain, 4.1G was weakly ex-
pressed (Figures S1F–S1I).
Protein 4.1G Is Required for Correct Location of Rod
Synaptic Terminals
To investigate the in vivo role of 4.1G in retinal development, we
generated 4.1G-null mice by targeted gene disruption (Figures
S1K–S1M). In the 4.1G/ retina, no retinal 4.1G isoforms were
detected by western blot (Figures S1N and S1O). The immuno-
stained 4.1G signal totally disappeared in the 4.1G/ retina
(Figure S1P), indicating that the 4.1G/ mice are 4.1G-null mu-
tants. Both 4.1G+/ and 4.1G/ mice were viable and showed
no gross morphological abnormalities, whereas 4.1G/ male
mice are infertile as reported previously (Wozny et al., 2009).798 Cell Reports 10, 796–808, February 10, 2015 ª2015 The AuthorsWe next immunostained PSD95 and pikachurin in retinal
sections at 2 months old (2M) to label photoreceptor synaptic
terminals. The 4.1G/ retina displayed abnormally scattered
rod synapse spherules in the ONL, which are normally arrayed
in the OPL in the WT retina (Figure 1E). We further carried out
in vivo single-cell labeling by subretinal injection of LIA murine
retroviruses, which express human placental alkaline phospha-
tase to define the shape of a single rod cell, into retinal progenitor
cells at postnatal day 0 (P0). We observed that rod axonal length
was shortened and rod cell terminals did not reach the OPL in
most rod cells in the 4.1G/ retina (Figure 1F, arrow heads).
Furthermore, the OPL in the 4.1G/ retina was very thin and
irregular (Figure 1F). The OPL length in 4.1G/ (8.3 ± 0.5 mm;
SD) retinas at 1Mwas significantly thinner than that in WT retinas
(13.9 ± 1.8 mm; SD; p < 0.01).
These results show that 4.1G is required for proper location of
the rod synaptic terminal and for OPL formation.
To examine the integrity of synaptic terminals in horizontal
and bipolar cell dendrites, which form synaptic contacts with
photoreceptors, we immunostained retinal sections with cell-
type-specific markers for horizontal cells (CALB1), ON-rod bi-
polar cells (PKCa), and OFF-cone bipolar cells (PKARIIb for
type 3b and calsenilin for type 4) together with photoreceptor
synapse markers (CtBP2 or pikachurin; Sato et al., 2008; Wa¨s-
sle et al., 2009). In the 4.1G/ retina at 2M, we observed
aberrantly sprouting neurites from horizontal and bipolar cells
that contact photoreceptor synapse termini at ectopic loca-
tions in the ONL (Figures 2A–2D). In contrast, the cone photo-
receptor synapse location was unaffected in the 4.1G/
retina (asterisks in Figures 2C and 2D), indicating that only
rod termini are aberrantly located. To analyze the ultrastruc-
tural differences of photoreceptor ribbon synapse between
WT and 4.1G/ mouse retinas at 2M, we carried out a con-
ventional electron microscopy analysis. We did not find any
substantial difference in the triad structure of ribbon synapses
between WT and 4.1G/ retina, although ribbon synapses in
the 4.1G/ retina were formed around cell bodies in the ONL
(Figure 2E).
Rod Synaptic Proteins Are Aberrantly Distributed in the
Developing 4.1G/ Retina
To investigate whether the abnormal location of rod terminals is
due to a developmental defect or degeneration, we examined
developing WT and 4.1G/ retinas by focusing on horizontal
cells. In mouse development, horizontal cells begin to connect
with rod terminals around P9 to shape the dyad structure.
Then, bipolar cells begin to contact rod terminals at around
P10 to form the triad structure. Rod ribbon synapse formation
is completed by P14 or P15 (Sherry et al., 2003). We develop-
mentally examined horizontal cells from P3 through P14 by im-
munostaining using an anti-calbindin antibody (Figure 3A). No
obvious change was observed between the WT and 4.1G/
retinas at P3 or P6. It should be noted that horizontal cells
began to aberrantly sprout their termini into the ONL between
P9 and P14 in the 4.1G/ retina (Figures 3A and S2A–S2B’).
In addition, at P12, we observed the aberrant sprouting of bipo-
lar cell dendritic terminals into the ONL of the 4.1G/ retina
(Figures S2C–S2D’). These observations indicate that ectopic
Figure 2. Ectopic Synapse Formation in the
ONL of the 4.1G/ Mouse Retina
(A–D) Immunohistochemical analysis of the 2M
WT and 4.1G/ mouse retinas using retinal cell
marker antibodies as follows: CtBP2 (photore-
ceptor synapse, magenta) and CALB1 (horizontal
cell, green) (A); CtBP2 and PKCa (rod bipolar cell,
green) (B), pikachurin (Pik) (photoreceptor termi-
nal, green) and PKARIIb (type 3b cone OFF bipolar
cell, magenta) (C); and Pik and calsenilin (Csen)
(type 4 cone OFF bipolar cell, magenta) (D). Nuclei
were stained with Hoechst (blue). Asterisks indi-
cate cone terminals.
(E) Ultrastructural analysis of ribbon synapses in
the WT and 4.1G/ mouse retina at 2M by elec-
tron microscopy. Arrowhead indicates the ribbon
synapse. B, bipolar cell dendrite; H, horizontal cell
process; N, nucleus; R, synaptic ribbon.synapse location in the 4.1G/ retina is due to the develop-
mental defect.
To further examine aberrant neurite extension in the devel-
oping 4.1G/ retina, we immunostained retinal sections from
WT and 4.1G/ retinas using antibodies against pikachurin
and CtBP2 at P12 when synapse formation between photore-
ceptor and bipolar cells is occurring (Figures 3B and 3C; Takada
et al., 2004). The number of rod terminals labeled with CtBP2
and pikachurin significantly decreased in the 4.1G/ retina
compared with the number in the WT retina (Figure 3D). More-
over, the typical horseshoe-shaped ribbon morphology seen
with CtBP2 was barely detected in the 4.1G/ retina (Figures
3B and 3C). Then, we examined pikachurin distribution in
4.1G/ and WT retinas. We found that the number of aberrant
pikachurin aggregates in the ONL was significantly higher inCell Reports 10, 796–808,the 4.1G/ retina than in the WT retina
(Figures 3E–3G, arrowheads). These ob-
servations strongly suggest that synaptic
protein transport is compromised in the
developing 4.1G/ retina.
Because 4.1G expressionwas detected
in Mu¨ller glial cells as well as rods (Fig-
ure S1J), we immunostained Mu¨ller glial
cells at P12. The total morphology,
including horizontal extension of Mu¨ller
glial cells, in the 4.1G/ retina was unal-
tered compared with that in the WT
retina (Figures S2E and S2F), suggesting
that Mu¨ller glial cells are not the cause
of abnormality in the 4.1G/ retina.
Retinal detachment causes abnormal
photoreceptor synapse location as well
as abnormal rhodopsin transport to the
outer segment (OS) (Fisher et al., 2005).
Immunohistochemistry revealed normal
localization of rhodopsin in the OS in the
4.1G/ retina, excluding the possibility
of retinal detachment in the4.1G/ retina.
In addition, no abnormality in the IPL inthe 4.1G/ retina was observed (data not shown). These results
suggest that the mislocalization of rod synapses in the 4.1G/
retina is due to a photoreceptor cell-autonomous mechanism.
Protein 4.1G Interacts with the AP3 Membrane-
Trafficking Protein Complex
In order to understand the molecular mechanisms underlying
ectopic synapse formation in the 4.1G/ retina, the spectrum
of proteins interacting with 4.1G in the retina must be first iden-
tified. To this end, we carried out immunoprecipitation with an
anti-4.1G antibody by using retinal lysates prepared from WT
and 4.1G/ retinas. The obtained immunoprecipitates were
fractionated by SDS-PAGE (Figure S3A) and were analyzed
using mass spectrometry to identify proteins that were immuno-
precipitated specifically in the WT retinal lysates. We identifiedFebruary 10, 2015 ª2015 The Authors 799
Figure 3. Aberrant Distribution of Rod Synaptic Proteins in the Developing 4.1G/ Retina
(A) Horizontal cell morphologies in the developing retina from P3 to P14. Horizontal cells were stained with an anti-CALB1 antibody. Arrowhead indicates the
abnormal horizontal cell extension.
(B–D) Immunohistochemical analysis of rod photoreceptor synaptic terminals in WT and 4.1G/ retinas at P12. Retinal sections obtained fromWT and 4.1G/
mice were immunostained with an anti-pikachurin antibody (green) and an anti-CtBP2 antibody (magenta) (B and C). Nuclei were stained with Hoechst (blue).
Asterisks indicate a cone synaptic terminal. The inset represents the OPL region at high magnification. The number of rod photoreceptor synaptic terminals was
counted (D). *p < 0.05 by Student’s t test. Data are shown as mean ± SD for three independent experiments.
(E–G) Distribution of pikachurin aggregates in the absence of 4.1G. Representative images of retinal sections fromWT and 4.1G/ retinas at P12 stained with an
anti-pikachurin antibody (green) and Hoechst (blue) (E and F). Pikachurin aggregates were marked by white dots. The inset shows pikachurin aggregates in the
ONL region at highmagnification. Themean number of pikachurin transport aggregates was counted (G). *p < 0.05 by Student’s t test. Data are shown asmean ±
SD for three independent experiments.
See also Figure S2.16 candidate proteins as 4.1G-interacting proteins (Table S1).
Among those candidates, adaptor protein complex 3 beta 2
subunit (AP3B2) and tubulin beta 3 (Tubb3) showed the highest
WT-specific probability. We also utilized the DAVID functional
annotation tools (Huang da et al., 2009) to acquire functional
annotations for the 16 candidate proteins and identified four
‘‘vesicle’’-related proteins including AP3B2, SYT-1, HSPA8,
and TRAPPC4. We, therefore, focused on AP3B2, which is a800 Cell Reports 10, 796–808, February 10, 2015 ª2015 The Authorscomponent of the neuronal AP3 complex that controls synaptic
vesicle formation from endosomes in the membrane-trafficking
pathway (Fau´ndez et al., 1998; Seong et al., 2005). To confirm
the potential interaction between 4.1G and AP3B2, we per-
formed immunoprecipitation assays using HEK293T cells (Fig-
ure 4A) and detected an interaction between 4.1G and AP3B2.
We further searched for the domain responsible for 4.1G binding
to AP3B2 (Figures 4B and 4C). The headpiece (HP) domain plus
Figure 4. Protein 4.1G Interacts with AP3B2 through the FERM Domain
(A) Molecular interaction between 4.1G and AP3B2. Each 4.1G splice variant (full, L, M, and S) was coexpressed with 33 Flag-tagged AP3B2 in HEK293T cells.
HEK293T lysates were immunoprecipitatedwith an anti-4.1G antibody. In the 4.1G immunoprecipitates, AP3B2was detected bywestern blot analysis using anti-
Flag antibody. In the reciprocal experiments, the anti-Flag immunoprecipitates were analyzed with the antibody against 4.1G. All of the protein 4.1G isoforms
bound to AP3B2. IB, immunoblot; IP, immunoprecipitate.
(B and C) The 4.1G FERMdomain is essential for the interaction with AP3B2. HEK293T cells were transfected with plasmids expressing 33 c-Myc-tagged AP3B2
with various 33 Flag-tagged 4.1G-deletion constructs (B). Forty-eight hours after transfection, HEK293T lysates were immunoprecipitated with the anti-Flag
antibody. Coimmunoprecipitated AP3B2 was detected by western blot analysis using anti-c-Myc antibody (C). The affinity degree was counted as one plus for a
strong interaction and a half plus for a medium interaction in each experiment. Experiments were repeated five times.
(D) Subcellular localization of VGLUT1 (magenta) in photoreceptors in WT and 4.1G/ mouse retinas at 1M. VGLUT1 signal was ectopically observed in cell
bodies in addition to synaptic terminals in the 4.1G/ mouse retina. PSD95 (green) was used as a rod spherule marker.
(E) VGLUT1 signal intensity in the cell body. Scatterplots of the VGLUT1 signal in each cell body (left) and those averages (right). Error bars represent ± SEM from
the means of n = 20 cell bodies collected from individual animals (n = 4; WT and 4.1G/, respectively). ***p < 0.001 by Student’s t test.
See also Figure S3 and Table S1.four-point-one, ezrin, radixin, and moesin (FERM) domain frag-
ment showed the strongest interaction with AP3B2. Because
the HP domain alone failed to bind AP3B2, the FERM domain
is the main 4.1G module interacting with AP3B2 (Figures 4B
and 4C). In addition, due to lack of a usable anti-AP3B2 antibodyCefor immunostaining, we examined colocalization of 4.1G with
AP3B2 using PC12 cells. We observed the colocalization of
4.1G with AP3B2 by immunostaining (Figures S3B–S3E). We
also confirmed the interaction between 4.1G and TUBB3 by
immunoprecipitation (Figure S3F).ll Reports 10, 796–808, February 10, 2015 ª2015 The Authors 801
Figure 5. Functional Interaction between 4.1G and AP3B2
(A and B) Overexpression of 4.1G induces neurite extension in PC12 cells. PC12 cells were transfected with pCAG-IRES-GFP (mock), pCAG-4.1G(S)-IRES-GFP
(4.1G(S)), or pCAG-4.1G(M)-IRES-GFP (4.1G(M)) plasmids. At 16–24 hr after transfection, PC12 cells were induced to differentiate in NGF (20 ng/ml)-containing
medium for 24 hr and immunostained with an anti-EGFP antibody (green) (A). The average neurite length was calculated in 0–25th, 25–50th, 50–75th, and
75–100th percentile groups (*p < 0.05 and **p < 0.01) (B). Error bars represent ± SD from the means of n = 3. A total of 140, 136, or 180 neurons were measured in
mock, 4.1G(S), or 4.1G(M), respectively.
(C) Knockdown efficiency of shRNAs for Ap3b2. HEK293T cells were cotransfected with pU6-mock plasmid, pU6-shAp3b2-1 plasmid, or pU6-shAp3b2-2
plasmids, and pCAG-Ap3b2-33Flag and pCAG-Tubb3-33Flag plasmids. Western blotting analysis was performed using an anti-Flag antibody to examine
AP3B2 protein levels. TUBB3-33Flag was detected as an internal transfection control.
(D) Ap3b2 is required for neurite extension by 4.1G in PC12 cells. PC12 cells were cotransfected with pCAG-IRES-GFP, pCAG-4.1G(S)-IRES-GFP, or pCAG-
4.1G(M)-IRES-GFP plasmids and pBAsi-mU6-shmock (U6-mock), pBAsi-mU6-shAp3b2-1 (U6-shAp3b2-1), or pBAsi-mU6-shAp3b2-2 (U6-shAp3b2-2) plas-
mids. After differentiation induction by NGF, neurite length was measured. The average neurite length was calculated in 0–25th, 25–50th, 50–75th, and 75–100th
percentile groups (*p < 0.05 and **p < 0.01). Error bars represent ± SD from the means of n = 3. A total of 187, 110, or 174 (mock and shmock, shAp3b2-1, or
shAp3b2-2); 178, 139, or 133 (4.1G(S) and shmock, shAp3b2-1, or shAp3b2-2); and 149, 109, or 176 (4.1G(M) and shmock, shAp3b2-1, or shAp3b2-2) neurites
were measured.
(E and F) Aberrant localization of VGLUT1 and ectopic synapses in the ONL of the Ap3b2/ retina. WT and Ap3b2/mouse retinas were immunostained with
anti-VGLUT1 antibody (left panel and green in right panel) and an anti-CtBP2 antibody (middle panel and magenta in right panel) at 2M (E). Nuclei were
stained with Hoechst (blue). Arrowheads indicate ectopic synapses. The signal intensities in the cell body and the rod spherule were measured (F). Error bars
(legend continued on next page)
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Because the transport of glutamate transporter VGLUT1 to
synaptic vesicles in the AP3-defective (Ap3d1/) brain was
impaired (Salazar et al., 2005), we next examined the subcellular
localization of VGLUT1 in the WT and 4.1G/ retinas to investi-
gate if the association between 4.1G and AP3B2 is important for
retinal synaptic vesicular sorting. Whereas VGLUT1 was local-
ized predominantly to rod synaptic terminals in the WT retina
at 1M, in the 4.1G/ retina, a significant amount of VGLUT1
remained in cell bodies in addition to that in synaptic terminals
(Figures 4D and 4E).
Protein 4.1G Promotes Neurite Extension
Our observation of the shortened axons, the abnormal trans-
portation of synaptic vesicle proteins to rod spherules in the
4.1G/ retina, and the interaction of 4.1G with AP3B2 promp-
ted us to suppose that 4.1G enhances vesicle transportation
and promotes neurite extension. To examine this aspect, we
overexpressed 4.1G(M) and 4.1G(S) in PC12 cells, which
endogenously express the neuronal AP3 complex (Blumstein
et al., 2001), and measured neurite length after nerve growth
factor (NGF) treatment (Figures 5A and 5B). The average neu-
rite length in each quartile population (determined by neurite
length) was significantly longer in the cells overexpressing
4.1G(M) or 4.1G(S) than that of mock-transfected cells. To
test if the neuronal AP3 complex mediates the neurite elonga-
tion function of 4.1G, we carried out knockdown experiments of
Ap3b2 using two different small hairpin RNA (shRNA) expres-
sion plasmids against Ap3b2 under 4.1G-overexpression con-
ditions (Figures 5C and 5D). Neurites elongated by 4.1G were
significantly shortened in Ap3b2 knockdown cells (Figure 5D).
These observations encouraged us to ask if neuronal AP3
is important for vesicle transport in the retina, so we examined
the histology of the Ap3b2/ retina (Seong et al., 2005).
The adult Ap3b2/ retina exhibited abnormal localization of
VGLUT1 in rod cell bodies and a slightly reduced accumulation
of VGLUT1 in the rod spherules compared with the WT retina
(Figures 5E and 5F). Furthermore, we found an increase in
the number of ectopic rod synaptic terminals in the ONL
compared with that of the WT, although the abnormality was
less severe than that in the 4.1G/ retina (Figures 2A, 2B,
5E, and 5G). These results suggest that 4.1G promotes neurite
outgrowth by enhancing membrane trafficking mediated by the
neuronal AP3 complex.
4.1G/ Mice Exhibit Impaired Optokinetic Responses
To examine whether 4.1G deficiency affects physiological
function in vivo, we first recorded electroretinogram (ERG) re-
sponses under the dark-adapted (scotopic) and the light-adapt-
ed (photopic) conditions of mice at P15 and 1M (Figures 6A–6D
and S4A–S4L). In scotopic ERGs at P15, the amplitudes of a-
waves were unaltered between WT and 4.1G/ mice (Figures
6A and S4A). In contrast, the amplitudes of b-waves in scotopic
ERGs at P15 were significantly reduced at stimulus intensities ofrepresent ± SEM from the means of n = 20 or 12 cell bodies or spherules, respect
***p < 0.001 by Student’s t test.
(G) The number of ectopic synapses in the ONL of the adult WT and Ap3b2/ retin
or 5 (Ap3b2/). ***p < 0.001 by Student’s t test. ONL, outer nuclear layer.
Ce3.0 to 1.0 log cd-s/m2 in 4.1G/ mice (Figures 6A and S4B).
As a result, the b/a wave ratio of the 4.1G/ mice was signifi-
cantly smaller than that of the WT mice (Figure S4I). The implicit
time of b-waves in the 4.1G/ mouse was significantly longer
than that in WT mouse (Figure S4J). Interestingly, in retinal
scotopic ERGs at 1M, there were no significant differences in
both implicit time and amplitudes of a- and b-waves between
the WT and 4.1G/ mice (Figures 6C, S4E, S4F, S4I, and
S4J). In photopic ERGs of the 4.1G/ mice, there was no sig-
nificant change either in the amplitudes or implicit times of a-
and b-waves both at P15 and 1M (Figures 6B, 6D, S4C, S4D,
S4G, S4H, S4K, and S4L). Moreover, we observed low-level
rod ribbon synapse integrity in P15 4.1G/ retinas that was
recovered to normal by the adult stage (Figure S4M). These re-
sults showed that development of the rod synapse connection
is delayed in the 4.1G/ mice at P15, but the developmental
delay is overcome by 1M. This fits well with the histological ob-
servations on WT and 4.1G/ retinas at P12 and 2M (Figures
2B, 3B, and 3C).
We assessed the visual acuity of WT and 4.1G/ mice using
OKRs induced by the rotation of a screen with various spatial fre-
quencies and contrast sensitivities of black and white stripes
(Figure 6E). WT mice had a spatial frequency threshold of 0.48
cycles/degree (n = 6). On the other hand, the spatial frequency
threshold of the 4.1G/ mice was significantly reduced to
0.22 cycles/degree (p < 0.01; n = 6) at 2M (Figure 6F). We next
measured contrast sensitivity of WT and 4.1G/ mice and
observed a significant increase of contrast level in the OKRs of
4.1G/ mice (55.5%; p < 0.01; n = 6) in comparison with that
of WT mice (7.9%; n = 6; Figure 6G), indicating that contrast
sensitivity was significantly impaired in 4.1G/ mouse vision
(Figure 6H). In addition, the decrease of contrast sensitivity
was independent of spatial frequency (Figure 6I). These results
indicate that visual acuity was impaired in 4.1G/ mice.
Aged Mouse Retinas Show Ectopic Synapses Similar to
4.1G/ Mouse Retinas
After 1 year of age (1Y), there is a significant correlation between
mouse age and abnormal extension of bipolar dendrites (Liets
et al., 2006). To examine the effect of aging on the 4.1G/ retina,
we histologically evaluated retinal sections using toluidine blue O
staining. In the 1Y 4.1G/ retina, the ONL length was shorter by
about 20% than that of theWT, although the ONL length was un-
altered between WT and 4.1G/ retinas both at P14 and 1M
(Figures 7A and 7B). We then immunostained retinal sections
prepared from WT and 4.1G/ retinas using cell-type-specific
markers (Figures 7C–7F). Both the number of rod spherules in
1Y 4.1G/ retinas labeled by CtBP2 and the number of ON bi-
polar cell dendritic tips labeled by TRPM1 (Koike et al., 2010)
in aged 4.1G/ retinas were reduced by about 20%–30% (p <
0.05) compared to those in the WT retina (Figures 7C and 7D).
Moreover, in the aged 4.1G/ retina, abnormal neurite exten-
sion from horizontal cells was more severe than in youngerively, collected from individual animals (n = 4 in Ap3b2+/+ or n = 3 in Ap3b2/).
as were counted. Error bars represent ± SD from themeans of n = 4 (Ap3b2+/+)
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Figure 6. ERG and OKR Analysis of WT and
4.1G/ Mice
(A–D) ERG recorded from WT and 4.1G/
mice. The dark- and light-adapted ERG of WT and
4.1G/ mice. Scotopic and photopic ERGs were
elicited by four different stimulus intensities from
both WT and 4.1G/mice at P15 (A and B) and 1M
(C and D).
(E) Schematic representation of the optomotor
testing apparatus. Spatial frequency and contrast
sensitivity were measured by observing the opto-
motor behavior responses of mice to rotating si-
nusoidal patterns (OptoMotry). A mouse is placed
on a platform, andmoving gratings are displayed on
the computer screens surrounding the mouse. The
mouse is monitored by a video camera to trace the
head tracking.
(F and G) OKR analysis of WT and 4.1G/ mice at
2M. Spatial frequency thresholds of WT (white dots)
and 4.1G/ (black dots) mice were measured
(F). Contrast sensitivities of WT (white dots) and
4.1G/ (black dots) mice were measured (G).
(H) The means of contrast sensitivity for WT and
4.1G/ mice.
(I) Spatial and contrast sensitivity functions of WT
and 4.1G/ mice.
Measurement of contrast sensitivity was made at a
constant spatial frequency of 0.042, 0.125, or 0.5
cycle/degree. Error bars represent ± SEM from the
means of n = 6 (WT) or n = 6 (4.1G/). **p < 0.01 by
Student’s t test.
See also Figure S4.
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Figure 7. Loss of 4.1G Leads to Age-Related Photoreceptor Degeneration
(A) Toluidine blue O staining of the mouse retinal sections from WT and 4.1G/ mice at age P14, 1M, and 1Y.
(B) ONL-length ratio between the WT and 4.1G/ retinas. Thickness of the ONL was measured at age P14, 1M, and 1Y. Error bars show ± SD (n = 3). *p < 0.05.
n.s., not significant.
(C–H) Immunohistochemical analysis of the 1YWT and 4.1G/mouse retinas using marker antibodies as follows: CtBP2 (magenta; C), TRPM1 (ON bipolar cell,
green; D), CALB1 (green; E), and PKCa (green) and VGLUT1 (magenta) (F-H). Black bars indicate ONL length. Arrowheads point out the ectopic synapses in the
WT ONL. The inset shows the OPL region at high magnification.
See also Figure S5.retinas (Figures 2A, 2B, and 7E). To examine whether membrane
trafficking is involved in aged synaptic reorganization, we
stained 1Y retinal sections with anti-VGLUT1 and anti-PKCa an-
tibodies (Figures 7F–7H). We found VGLUT1 mislocalization to
the cytoplasm of 1Y WT rod cells with abnormal dendritic exten-
sions from bipolar cells. We also observed the more-aged WTCeretinas at 2Y (Figures S5A and S5B) and found that 2YWT retinas
exhibited more extensively aberrant VGLUT1 localization, which
resemble 2M 4.1G/ retinas, than 1Y WT retinas (Figures 4D
and S5B).
These results suggest that normal membrane trafficking is
required for the maintenance of the neural circuits in the retina.ll Reports 10, 796–808, February 10, 2015 ª2015 The Authors 805
DISCUSSION
The exquisite laminar structure of the retina has attracted many
studies exploring themechanisms underlying ordered CNS lami-
nation. The OPL is a narrow lamina formed in late developmental
stages as photoreceptor axons connect with bipolar cell and
horizontal cell dendrites. Subsequent to the ONL formation at
P9, rods begin maturation by forming the OS and extending their
terminals to the presumptive OPL. After reaching the presump-
tive border between the ONL and OPL, the rod terminal swells
to form a small bulge called a spherule. The rod spherules further
extend into the OPL and then complete triad synapse formation
by P14 or P15 (Blanks et al., 1974; Sherry et al., 2003).
In the current study, we showed that protein 4.1G is highly ex-
pressed in mouse rod photoreceptor cells and is localized to the
cell body and the axonal region (Figures 1D and S1P). It was
recently reported that 4.1G is localized to the photoreceptor
OS and binds cyclic nucleotide-gated channels in the bovine
retina (Cheng and Molday, 2013); however, we could not find
an immunostaining signal with our anti-4.1G antibody in the
mouse photoreceptor OS. In spite of the fact that most rod
spherules did not reach the OPL in the 4.1G/ retina (Figure 1F),
synaptic connections are formed normally even at ectopic loca-
tions (Figure S4N), as seen by electron microscopic observation
and ERG on the adult 4.1G/ retina (Figures 2E, 6C, 6D, and
S4E–S4L).
Mislocalization of photoreceptor synapses into the ONL was
previously reported in the aged mouse retina (Kolesnikov et al.,
2010; Samuel et al., 2011), the retina with retinal detachment
(Fisher et al., 2005), the retina with cone and rod dysfunction
(Claes et al., 2004), the Bassoon/ retina (Dick et al., 2003),
the calcium-binding protein Cabp4/ retina (Haeseleer et al.,
2004), and the calcium channel Cacna1f/ retina (Chang
et al., 2006), suggesting that retinal physiological malfunction
and/or abnormal retinal development cause rod terminal misloc-
alization. All of these mice showed impaired ERG activities. In
contrast, interestingly, ectopic synapse formation was observed
in the 4.1G/ retina, although its ERG activity at 1M was normal
(Figures 6C, 6D, and S4E–S4L). Future studies examining
whether 4.1G function and/or the membrane-trafficking system
are affected in the retinas with ectopic synapse formation will
be interesting.
Protein 4.1G is expressed in rods, but not in cones. Interest-
ingly, the rod axon diameter of 0.45 mm is much smaller
than that of the cone axon of 1.6 mm (Hsu et al., 1998). It was
suggested that the axon diameter depends on the number of mi-
crotubules because electron microscopic observation showed
that a cone axon has 440 microtubules in its cross-section,
whereas a rod axon has only 35 microtubules. In the current
study, we showed that 4.1G interacts with the vesicle-traf-
ficking-related protein AP3B2 and microtubule protein TUBB3
(Figures 4A–4C andS3F). The 4.1G/ retina exhibited an impair-
ment of VGLUT1-containing synaptic vesicle transport. Similarly,
aggregates of synaptic proteins such as CtBP2 and pikachurin
were observed in the 4.1G/ retina at developmental stages.
Furthermore, our results showed that 4.1G overexpression pro-
motes PC12 neurite extension in an AP3B2-mediated manner
(Figures 5A–5D). These observations support the idea that806 Cell Reports 10, 796–808, February 10, 2015 ª2015 The Authors4.1G is required for vesicle-mediated protein transport. In
cultured hippocampal neurons, the axonal growth cone needs
a sufficient supply of new membrane vesicles from early endo-
somes to extend the axon (Bradke and Dotti, 1997). In addition,
Golgi-disrupting drug brefeldin A blocks both axonal elongation
in hippocampal neurons (Jareb and Banker, 1997) and formation
of synaptic-like microvesicles mediated by the AP3 complex
(Blagoveshchenskaya et al., 1999). We, therefore, suggest
that rod photoreceptor axons, which have smaller diameter
than that of cone axons, need the ‘‘anchoring’’ function of 4.1G
to facilitate vesicle transportation along axonal microtubules
(Figure S4O).
Adult-onset slow neuronal degeneration is observed in a
broad range of neuronal diseases. In the aged 4.1G/ mice,
we observed adult-onset progressive degeneration of retinal
photoreceptors (Figures 7A and 7B). Moreover, we observed
VGLUT1 mislocalization in the WT aged retina, similar to that in
the 2M 4.1G/ retina (Figures 4D and 7G). Interestingly, a
change in post-Golgi membrane trafficking in aged neurons
that may influence APP processing is particularly related to
late-onset idiopathic Alzheimer’s disease (Tang, 2009). These
observations suggest that normal membrane trafficking is
essential for synaptic integrity maintenance, the impairment of
whichmay be related to adult-onset slow neuronal degeneration.
The protein 4.1 family genes serve as membrane protein
adapters by anchoring various membrane proteins, such as G-
protein-coupled receptors and voltage- or ligand-gated channel
proteins, to the actin-spectrin cytoskeleton (Baines et al., 2014).
In the current study, we observed that the retina expresses pro-
tein 4.1G isoforms without the SAB domain and that the FERM
domain is sufficient to bind AP3B2 (Figures 4A–4C). A previous
biochemical analysis showed that the SAB domain of protein
4.1N does not possess an actin-binding activity (Gimm et al.,
2002). Interestingly, the neuron-specific K-Cl cotransporter
KCC2 interacts with 4.1N, and forced expression of the 4.1N
FERM domain in primary cortical neurons induces spine elonga-
tion (Li et al., 2007). FRMD7, a FERM-domain-containing protein,
is expressed in the brain, and human FRMD7 mutations are
associated with X-linked idiopathic infantile nystagmus (Betts-
Henderson et al., 2010; Watkins et al., 2012). FRMD7 overex-
pression in Neuro2a cells showed a significant increase of
neurite length (Betts-Henderson et al., 2010), which is similar
to the neurite extension in PC12 cells by 4.1G overexpression
(Figures 5A and 5B). Together, these observations suggest
that, in CNS development, actin-binding activity is not the main
4.1G functional mechanism but that the FERM domain bears
themajor functional activity. The similar composition of 4.1G iso-
forms in themouse and human retinas implies that the 4.1G func-
tional mechanism in the retina is evolutionarily conserved.
Whereas both synaptic structure and ERG activity were
normal in the 4.1G/ retina at the adult stage, the visual acuity
measured by OKR was significantly impaired in 4.1G/ mice
(Figures 2E, 6C–6I, and S4E–S4L). The aged mouse retina ex-
hibited ectopic synapse formation (Eliasieh et al., 2007; Samuel
et al., 2011) and impaired OKRs (Owsley et al., 1983; Wong
and Brown, 2007), which were similar to those observed in the
4.1G/ retina (Figures 2A–2D). Our results suggest that ectopic
synapse formation in the aged retina is responsible for visual
function impairment. What is the mechanism for the effect that
ectopic synapse location in the 4.1G/ retina has on visual func-
tion? Low-level expression of 4.1G in the brain (Figure S1H) and
normal histology of the 4.1G/ brain (Figure S5C) suggest that
OKR impairment is unlikely due to brain abnormality. We pro-
pose three possible mechanisms. The first one is based on the
cable theory (Broman et al., 1985). In photoreceptors, electrical
activity is generated at the border between the OS and inner
segment (IS) and is passed down to the synaptic terminal, which
resembles transmission along an electrical cable. In each photo-
receptor cell, the length of the electrical cable, which is myoid
length plus axon length, is almost the same from one to another
in the WT retina, because the border between the OS and IS is
formed at a fixed position. On the other hand, the 4.1G/ retina
spherules are scattered in the ONL, resulting in cable length dif-
ferences among rods. This causes desynchronized photore-
ceptor signal transmission to bipolar cells in the 4.1G/ retina,
leading to impaired visual acuity. A second possibility is an
impairment of glutamate reuptake. Glutamate reuptake is essen-
tial for normal visual function with high sensitivity. Mu¨ller glial
cells play an essential role in the retinal glutamate reuptake pro-
cess (Bringmann et al., 2009). We hypothesize that the disorga-
nization of spherule arrangement results in glutamate leaking
from the OPL to the ONL, which decreases glutamate reuptake
efficiency by Mu¨ller glial cells. This glutamate leak might affect
light/dark sensitivity by glutamate receptors on bipolar cells
and horizontal cells. The third possibility is an abnormal electrical
coupling. Photoreceptor cells make an electrical synapse be-
tween cone-cone, rod-cone, or rod-rod pairs (So¨hl et al.,
2005). Because these electrical couplings are formed at synaptic
terminals, ectopic synapse location in the 4.1G/ retina may
affect the electrical couplings of photoreceptors. These mecha-
nisms are not mutually exclusive.
Despite 4.1G being highly expressed in photoreceptors, other
4.1 family members, especially 4.1R, are also highly expressed
in photoreceptors (Figure S1B). This raises a possibility that
4.1G/ phenotypes are functionally compensated to some
extent. Future analysis using multiple targeted gene disruption
mice will elucidate further the in vivo function and mechanism
of protein 4.1 in the retina.
The current study provides a new insight into the biological
logic of the formation of proper synaptic location in the retina.
This also implies that the location of synaptic connection in the
brain is physiologically meaningful.EXPERIMENTAL PROCEDURES
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